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Diamond nucleation under very low pressure (0. 1-1.0 torr) was obtained at very high nucleation 
densities and very rapid rates using hot-filament chemical vapor deposition (HFCVD). The density 
on mirror-polished silicon was as high as 10"-10" cm , equivalent to the highest density in a 
microwave-plasma CVD system. That on scratched silicon substrates was up to 10® cm~^, 1-2 or- 
ders of magnitude higher than that obtained under conventionally low pressure (tens of torr, 10^-10* 
cm~^). Also, the density on scratched titanium substrates was as high as 10^" cm~^. The samples 
were characterized using scanning electron microscopy (SEM) and Raman spectroscopy. The mech- 
anism is investigated in detail, revealing that, under very low pressure, very long mean free path of 
the gas species, strong electron emission from the hot filament, and high efficiency of decomposition 
of hydrocarbon species by the filament greatly increase the concentration of reactive hydrocarbon 
radicals and atomic hydrogen on the substrate surface, and therefore, dramatically enhance the 
nucleation eventually. This work has great practical applications and theoretical significance. 
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I. INTRODUCTION 

Nucleation is the first step of diamond growth in 
chemical vapor deposition (CVD) under low pressure. 
Great progress has been made in this respect. In the 
early days of diamond research using CVD_diamond was 
deposited using diamond seeds as nuclei,E]H or directly 
on a single-crystal diamonds In 1982, diamond seeds 
were no longer needed to gejt diamond nuclei owing to 
, the work of Matsumoto et ala However, the density was 

■ too low to lead to continuous films. Later on, nucle- 
ation was found to bejCffectively enhanced by scratching 

■ the substrate surfacejEl which has been one of the ma- 
" jor methods for nucleation enhancement since then. For 

the most intensively studied silicon substrate, the nucle- 

■ ation density is up to 10^-10^ cm~^, whereas it is no 
. more than 10^ cm~^ for unscratched, mirror-polished sil- 
' icon. In addition, various other pretreatment methods 
, of the substrate have also been tried and showed varying 

■ degrees of nucleation enhancement, such as peedeposi- 
] tion of non-di£iippnd carbon including graphitej3i3 amor- 
phous carbon,ErH diamond-like carbon,Q and even coat- 
ing with pump oilB However, all these methods result in 
unoriented nucleation, and therefore, become invalid in 

' achieving epitaxy of diamond on hetero-substrates. The 
, problem of achieving high-density nucleation on mirror- 
polished single-crystal Si has to be solved for this pur- 
pose. Breakthrough in this regard arose owing to Jeng 
et al in microwave plasma CVD (MPCVD);Ea they ob- 
tained local, oriented nucleation with a density up to 
10^ cm^^ by negatively biasing the substrate. In 1990, 
Yugo et al obtained an (unoriented) nucleatioH_.density 
up to 10^-10^° cm~^ using a similar method.M Up to 
date, the highest density achieved using this method is 



lOio.iQii cm-2, as reported by Stoner et alM In 1993, 
Jiang et al reported-pbservation of oriented nucleation 
using negative bias.tSi So far, high-density nucleation of 
diamond on Si in a MPCVD system is no longer a prob- 
lem. In an HFCVD system, similar bias method had 
been tried on mirror-polished substrates for a long time 
without success until recently. Using a similar negative 
bias in their HFCVD system, Zhu et al reported that the 
nucleation enhancement took place only at the edge of 
the sample.Eil Chen and Lin achieved high density of ori- 
ented nucleation using an electron-emission-enhanccment 
(EEE) method with and without a biasJ;o the substrate, 
demonstrating an EEE mechanism JljiiZl 

On a Ti substrate using the scratching enhancement 
under normally low pressure, it has been reported that 
nucleation takes place only aftepa long carburization pro- 
cess with a very poor density,E£l which usually leads to 
serious hydrogenation of the substrate. 

We report in this paper another completely different 
nucleation method and investigate its mechanism. Usu- 
ally, the pressure for nucleation ranges from tens of torr 
to above one hundred torr, the same as that for growth. 
Under this condition, high-density nucleation can not be 
obtained on mirror-polished Si surface without the use of 
bias or EEE method. The density on a scratched sample 
is only 10^-10^ cm~^. In contrast, as reported below, un- 
der very low pressures (0.1-1.0 torr), nucleation can be 
achieved on mirror-polish Si substrates with a density as 
high as 10^°-10^^ cm~^, equivalent to the highest value 
in MPCVD. For scratched substrates, the density is also 
1-2 orders of magnitude higher than that under normal 
pressures. On a scrtached Ti wafer , the density can 
also be as high as 10^° cm^^. The nucleation progresses 
at a much higher speed with a more uniform distribu- 
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tion across the sample. This method has its own special 
merits, e.g., high uniformity and rapidity, in comparison 
with other nucleation enhancing methods and has great 
significance in diamond deposition. 

This work, is mainly taken from Sec. 4.2 of the au- 
thor's thesisEj We did naUpotice the paper by Lee et al 
until after its publicationJHj However, part of the experi- 
mental conditions and results were not properly reported, 
and the discussion was very incomplete and only partly 
correct. In view of this and the availability of ref. 
we deem it appropriate to publish it on a more widely 
spread journal. As the normal pressure (10^-10^ torr) is 
conventionally referred to low pressure, we call the pres- 
sure (0.1-1.0 torr) in our experiments very low pressure, 
to show the diff'erence. 



II. EXPERIMENTS 

Our experiments were carried out in an HFCVD ap- 
paratus as reported in ref. |l]. To repeat briefly, a 0140 
mm and 500 mm long fused silica tube was used as the 
deposition chamber. Coils of (j)0.2 mm tungsten wires 
were used as filaments. The substrates were Si and Ti 
wafers in the size of 8 x 10 mm^, mounted on a copper 
platform under the filament during the experiments. The 
filament temperature was measured with an optical py- 
rometer, while the substrate temperature was measured 
with a thermocouple (Pt-PtRh). The source gas was 
methane diluted in hydrogen. Part of the substrates were 
mirror-polished Si wafers without any nucleation enhanc- 
ing pretreatment, while the others were scratched with 
0.5-1.0 fim diamond powders. All samples were chemi- 
cally cleaned with acetone in an ultrasonic bath for > 10 
min, to remove oil, diamond residues after scratching, 
and other dirties on the substrate surface before loaded 
into the deposition chamber. In addition, the mirror- 
polished Si samples were also cleaned subsequently with 
deionized water and rinsed in a 30 vol. % HF solution 
to remove possible surface oxide. Typical experimental 
parameters for nucleation are listed in Table ^ The pres- 
sure used, 0.1-1.0 torr, was one to two orders of magni- 
tude lower as compared with normal conditions. Specific 
parameters of each experiment and the growth conditions 
will be mentioned where appropriate. The as-deposited 
samples were characterized with scanning electron mi- 
croscopy (SEM) and Raman spectroscopy. 

TABLE I. Typical experimental conditions for nucleation. 



Parameters 

Flow rate (seem") 

CH4 concentration (vol.%) 

Pressure (torr) 

Filament temperature (°C) 

Substrate temperature (°C) 

Nucleation time (min) 



Notations values 

F 70-100 

[CH4] 1.0-3.0 

p 0.1-1.0 

Tf 2050-2150 

r, 800-900 

t 1-10 



"seem denotes cubic centimeter per minute at STP. 




FIG. 1. SEM image of the nuclei on a scratched Si(lOO) 
substrate under very low pressure, p — 1 torr, [CH4] — 1.5 
vol.%, Tf = 2150°C, Ts = 800°C, F = 100 seem, t = 10 min. 
The density was 2 x 10^ cm~^. 

III. RESULTS 

Figure I shows the SEM image of the diamond nuclei 
on a scratched Si(lOO) substrate after 10 min nucleation 
under the conditions as follows, p = 1 torr, F = 100 
seem, [CH4] = 1.5 vol. %, Tf = 2150°C, T, = 800°C. 
The nucleation density was measured to be 2 x 10^ cm~^, 
one to two orders higher than the highest result (10^- 
10^ cm~^) reported so far under normal pressure (tens 
of torr). In addition, the nuclei were very uniformly 
distributed, without any trace of nucleating along the 
scratches. 

Figure || shows the Raman spectrum of the sample in 
Fig. ^ The characteristic peak of diamond at 1332 cm~^ 
is very clear, confirming the formation of diamond during 
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FIG. 2. Raman spectrum of the sample shown in Fig. 0. 
The diamond signal at 1332 cm~^ confirms the formation of 
diamond nuclei. 
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FIG. 3. SEM image of a mirror-polished sample after 10 
min nucleation under very low pressure, p = 0.1 torr, _F = 70 
seem, [CH4] = 2 vol.%, Tf = 2150°C, Ts = 850°C. The 
density was as high as lO^^-lO^^ cm~'^. 

the nucleation. The broad band centered at ~ 1540 cm"^ 
arises from non-diamond phase such as amorphous car- 
bon, etc. The diamond signal could not be very strong, 
since a continuous diamond film had not formed as well 
as the nuclei were very small. 

As it turned out, it was not as easy to get high- 
density nucleation on a mirror-polished substrate as on a 
scratched one under 1.0 torr. Thus the pressure was fur- 
ther lowered. Figure 3 shows the SEM photo of a mirror- 
polished Si(lOO) wafer after 10 min nucleation under the 
following conditions. F = 70 seem, [CH4] — 2 vol. %, 
p = 0.1 torr, Tf = 2150°C and = 850°C. The nucle- 
ation density was as high as 10^°-10^^ cm~^, comparable 
to the highest density attained in MPCVD using nega- 
tive bias method. Obviously, it was much higher than 
that on the scratched substrate as shown in Fig. 0. 
As the nuclei in Fig. H were too tiny, the layer of nuclei 




FIG. 4. SEM picture of the diamond film on a mir- 
ror-polished Si(lOO) substrate after 5 min nucleation plus sub- 
sequent overnight growth. The nucleation conditions were the 
same as in Fig. H. The growth conditions were: F = 100 seem, 
[CH4] = 0.7 vol.%, p = 20 torr, Tf = 2000° C, T = 800° C. 
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FIG. 5. Raman spectrum of the sample in Fig. ^ The 
quality of the diamond film was pretty high. 

was very thin. It is difficult to characterize that sam- 
ple with Raman spectroscopy. To investigate whether 
diamond nuclei had indeed formed or only a pure non- 
diamond carbon layer formed, subsequent growth was 
tested. Figure | shows the SEM image of a Si(lOO) 
sample after 5 min nucleation under the same condi- 
tions as for Fig. || and a subsequent overnight growth 
at a normally low pressure. To eliminate amorphous 
carbon in the nuclei more effectively, a lower CH4 con- 
centration was used. The conditions for growth were as 
follows. F = 100 seem, [CH4] = 0.7 vol. %, p = 20 
torr, Tf = 2000°C and T^ = 800°C. As is obvious in 
Fig. ^, the diamond micro-crystals had very good crys- 
tallinity with an average size of 0.5 /im and a density of 
10^ cm^^, which is comparable to the nucleation density 
on the scratched substrate as shown in Fig. |]. This value 
was lower than the nucleation density in Fig. ^, which 
can be attributed to the much larger size of the diamond 
crystallites than that of the initial nuclei; a uniform size 
of 0.5 iJ,m would imply a density of only 4 x 10^ cm~^. 
The Raman spectrum corresponding to Fig. is 




FIG. 6. SEM image of nuclei on a mirror-polished Si sub- 
strate after nucleation under normally low pressure, p = 100 
torr, [CH4] = 0.7 vol.%, F = 200 seem, Tf = 2150°C, 
T = 850° C. The density was 3 x lO" cm"^ 
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shown in Fig. demonstrating a very high quahty of the 
diamond; the diamond peak was very strong while that 
of non-diamond phase was very weak. 

Normally speaking, the nucleation density was only 
10^ cm~^ on a mirror-polished single-crystal Si substrate 
without pretreatment, as shown in Fig. 0, which was 




FIG. 7. SEM images of scratched samples after nucleation 
under very low pressure (1 torr) for (a) 1 min, (b) 2.5 min, 
(c) 5 min; (d) 10 min, and (e-f) 5 min plus 10 min subsequent 
growth under p = 20 torr. Fig. |^(f) is a magnified image of 
(e). The density attained its final value (3 x 10** cm~^) within 
the first minute. 

deposited under a usual pressure of 100 torr. The nucle- 
ation density was only 3 x 10^ cm~^, several orders of 
magnitude lower than that for Fig. |3[ 

In brief, on a scratched Si substrate, the density 
of 10^ cm~^ was obtained under the very low pressure 
as compared with the one of only 10^-10* cm^^ under 
the normally low pressure. On an unscratched, mirror- 
polished Si substrate, lO^^-lO" cm ^ was achieved in 
contrast with 10* cm~^ for the normal pressure. This 
demonstrates that using very low pressure is a very 
effective method for high-density nucleation on both 
scratched and unscratched substrates. 

To demonstrate more clearly the nucleation rate, we 
studied the development of nucleation process with the 
nucleation time. Figure 0(a)- (d) show the SEM image 
of the nuclei on scratched substrates under the same nu- 
cleation parameters but with different nucleation time of 
1 min, 2.5 min, 5 min and 10 min. To ensure the uni- 
formity of the scratches on the samples, all of them were 
cleaved from a large Si wafer after scratching. The nucle- 
ation parameters were: F = 70 seem, [CH4] — 3 vol. %, 
p = 1 torr, Tf = 2100-2150°C, and T, = 850-900°C. 
Since the time was very short, it was difficult to adjust 
the filament and substrate temperatures to be exactly 
the same. Nonetheless, Fig. 0(a)-(d) show consistently 
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FIG. 8. SEM image of the nuclei on a scratched Ti sub- 
strate after 2 min nucleation under very low pressure (p = 1 
torr). The density was as high as 1.5 x lO^'^ cm~^. Nucleation 
conditions: F = 70 seem, [CH4] = 3 vol.%, Tf = 2050°C, 
Ts = 850° C. 

progress of the nucleation process. The size of the nuclei 
grew rapidly, while the nucleation density, which was ap- 
proximately 3 X 10* cm~^, almost attained its final value 
duririg the first minute without much increase later on. 
Fig. [7|(e) shows a sample after 5 min nucleation under 
the same condition plus 10 min subsequent growth under 
normal pressure. The growth parameters were: F = 100 
seem, [CH4] = 1.5 vol. %, p = 20 torr, Tf = 2050°C, and 
Ts = 800°C. A magnified SEM picture reveals that the 
crystalline shape was beginning to be clear, as shown in 
Fig. 0(f). The size of the diamond particles was larger 
that that before growth (Fig. @(c)), but much smaller 
than that for 10 min nucleation only (Fig. ^d)), im- 
plying that the deposition rate of carbon, including di- 
amond and non-diamond, was much higher under the 
low-pressure nucleation conditions above. This was one 
of the reasons why the nucleation progressed so rapidly, 
as will be discussed below. 

Apart from Si substrates, very-low-pressure method 
was also applied to other substrates. Figure 8 shows the 
SEM image of nuclei on a scratched polycrystalline Ti 
substrate after 2 min nucleation under very low pressure 
(p ~ 1 torr). The density was measured to be 1.5 x 
10^" cm"'^. This is an amazingly high density, and also 
indicates and a very rapid nucleation rate, as compared 
with the report of Park and Lee.ll3 They reported that 
nucleation began only after an intermediate TiC layer 
grew to as thick as 50 /im, with a very poor density, 
which was lower than that on a scratched Si substrate 
under normal pressure. Therefore, the very low pressure 
method works not just for Si substrates. 

IV. DISCUSSIONS 

As demonstrated clearly above, the very low pressure 
was responsible for the nucleation enhancement. To make 



full use of this method, a complete understanding of its 
mechanism is necessary. Generally speaking, the carbon 
ad-atoms may diffuse into the substrates at high tem- 
peratures while the substrate atoms may diffuse out. To 
nucleate, it is critical to generate supersaturation of car- 
bon atoms/radicals on the substrate surface.El Upon sat- 
uration of carbon and/or hydrocarbon species, graphite, 
amorphous carbon and diamond particles begin to form, 
depending on experimental conditions. On the., other 
hand, the role of atomic hydrogen is also criticalE3tj A 
sufficient amount of atomic hydrogen is necessary to (i) 
extract the H atoms from the substrate surface to create 
active nucleating sites, to (ii) suppress the formation of 
carbon in sp^ phase (i.e., non-diamond carbon) to ensure 
the formation of carbon in sp^ phase (i.e., diamond), and 
to (iii) help eliminate possible oxide layers on the sub- 
strate surface, which is usually regarded as a hindrance 
against nucleation. The reason that only very poor nu- 
cleation is obtained on a mirror-polished substrate under 
normal conditions is mainly because of (i) the lack of 
enough nucleating sites and (ii) the low concentration 
of reactive hydrocarbon radicals and atomic hydrogen. 
Therefore, to get high density nucleation, enough amount 
of nucleating sites have to be created first, and then suffi- 
ciently large concentrations of reactive hydrocarbon rad- 
icals and atomic hydrogen have to be provided. For a Ti 
substrate, the easy formation of a TiC layer usually pre- 
cedes the formation of diamond nuclei. This makes the 
supersaturation of carbon and/or hydrocarbon species on 
the substrate surface even more important. Based on 
these observations, several factors help explain the nu- 
cleation enhancing effect of very low pressure, as follows. 

First, under very low pressure (0.1-1.0 torr), the 
mean free path, A, of the molecules and radicals of the 
source gas is 1-2 orders of magnitude higher than that 
under normal pressure (tens of torr), as the mean free 
path is in inverse proportion to the pressure at equilib- 
rium. Furthermore, the probability for a molecule to 
move a distance x without collision is e~^/^, which is 
an exponential relationship. The concentrations of re- 
active hydrocarbon radicals and of atomic hydrogen de- 
crease exponentially with increasing transportation dis- 
tance. The molecules are decomposed in the neighbor- 
hood of the hot filament, whereas the nucleation and de- 
position takes place at a distance. Part of the decom- 
posed radicals recombine through collisions, which is not 
favorable to deposition. The mean free path can be es- 
timated as follows. The temperature is not uniform be- 
tween the filament (2300-2400K) and substrate (HOOK). 
For an estimate, let us take T — 1700K as an average. 
Since quite different sizes, and thus the mean free paths 
also differ much. Take ro = 1.0 A as the radius of the 
background gas species in averaga^pje the gas is mainly 
composed of molecular hydrogen. E3'EZl Then we have 

A — ^^I-i , where d = r + ro 

For hydrogen atoms, r = 0.75 A, Ajj = l.3/p mm; for 
hydrocarbon radicals, mainly CHx, take r — 1.6 A, then 
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-^CHx = 0.59/p mm, where p is in unit torr, and ks is the 
Bohzman constant. For normal pressure, say, p — 20 
torr, Afj = 0.065 mm, Xqh^ — 0.03 mm; for p = 1 
torr. Ah = 1-3 mm, Ach^ = 0.59 mm, while for p — 0.1 
torr. Ah = 13 mm, AcHx — 5.9 mm. Take x — 5 mm, 
which was the typical filament-substrate distance in our 
experiments. So the probabilities for a reactive hydro- 
carbon precursor to get to the sample without collisions 
are e-^/^cn, « 4 x 10"^^ q!), 2 x 10"*, and 0.43 for 
p — 20 torr, 1 torr, and 0.1 torr, respectively. For atomic 
hydrogen, the probabilities are: e~'^^^" ~ 4x 10^'^^, 0.02, 
and 0.68 for p — 20 torr, 1 torr, and 0.1 torr, respectively. 
This is an amazingly enormous difference. Therefore, the 
probability for the atomic hydrogen and reactive hydro- 
carbon radicals in the neighborhood of the hot filament 
to get directly onto the substrate surface without col- 
lision or recombination is dramatically increased under 
very low pressure by many orders of magnitude. On the 
other hand, as the flow rate of the source gas did not 
change with pressure in our experiments, the amount of 
atomic hydrogen and hydrocarbon radicals generated by 
the hot filament per unit time remained unchanged. Ac- 
tually, the amount increased due to the effect mentioned 
as the third reason below. In result, the concentrations 
of atomic hydrogen and of reactive hydrocarbon species 
were greatly increased, leading to very high supersatu- 
ration of the hydrocarbon. Since the nucleation rate is 
roughly proportional to the amount of the reactive hy- 
drocarbon species arriving at the substrate surface per 
unit time, both the density and the rate of nucleation 
were dramatically enhanced. 

While the damages of the substrate surface resulting 
from scratching may serve as nucleating sites, there exist 
only a very small density of surface defects on the un- 
scratched, mirror-polished substrates. Therefore, a much 
lower pressure (0.1 torr) was used in our experiments to 
get a much higher concentration of reactive hydrocar- 
bon radicals and hydrogen atoms to create an enough 
density of nucleating sites, and finally an enough high 
nucleation density, based on the mean-free-path scenario. 
On the other hand, as nucleation preferentially occurs on 
the damages of a scratched sample surface, these dam- 
ages may put an upper limit of the density of nucleation. 
There seems to be no such an upper limit for an un- 
scratched sample. This is probably the reason why a 
much higher density was obtained on the mirror-polished 
substrate. 

Next, very low pressure induced very strong electron 
emission from the hot filament with an emission current 
as high as 0.5- 1.0 A. The electrons had a continuous en- 
ergy distribuiiog from up to ~80 eV. As discovered in 
earlier work,E30 the emitted electrons collided with and 
disassociated various gas molecules or radicals, helped to 
generate more atomic hydrogen and hydrocarbon radi- 
cals, and increased the concentration of atomic hydrogen 
and hydrocarbon radicals near the sample. 

Last, under lower pressure, the efficiency of decom- 
position of the gaseous species by the hot filament was 



higher. As reported by Setaka, lower pressure leads 
to a higher decomposition efficiency of hydrogen. For 
methane, a similar result is expected. This effect again 
helped to increase the concentration of atomic hydrogen 
and reactive hydrocarbon radicals on the substrate sur- 
face. 

All of these factors account for the nucleation enhanc- 
ing effect of the very low pressure in our experiments. 
Katoh et al studied the infiuence of the pressure on the 
bias enhanced nucleation in MPCVD, and reported that 
lower pressure led to a higher nucleation density, in agree- 
ment with our results. c2l 

Calculations have also been done by Spear et al on 
the fraction of carbon deposited as a function of pres- 
sure for a mixture of CH4-H2 at equilibrium .Efl The result 
shows that fraction becomes higher under lower pressure 
while other conditions are the same, consistent with our 
argumentation above. 

In comparison with the negative-bias enhancement 
method and/or the EEE method, either in MPCVD or 
HFCVD, the very low pressure is distinguished from 
its high uniformity and rapidity. For both the bias 
and EEE .nietho/ls, nucleation usually takes place non- 
uniformly.oEII'L3 Careful parameter control and enough 
long time are necessary to get a uniform sample. As 
shown in Fig. 0(a)- (f), nucleation with a highly uniform 
distribution occurred from the very beginning. 

In the above calculations, we have assumed implicitly 
a thermodynamical equilibrium of the gases in the depo- 
sition chamber, which was not the situation in practice. 
There existed a compulsive flow due to the pump, which 
can be estimated using the equation of state of an ideal 
gas, pV = nRT, where V is the gas flow rate in unit of 
m^/sec, n is the flow rate in unit of mole/sec, T is the 
temperature in Kelvin, and R — 8.314 J/ (mole. K) is a 
constant. Let v denote the flow velocity of the gas in unit 
of m/sec, then V = ^ttD^v, where D = 0.140 m is the 
diameter of the chamber. Therefore, we have 



As T was not uniformly distributed in the chamber, it 
is appropriate to take cross-section between the filament 
and the substrate of the chamber as a better estimate, 
which was approximately lOOOK. Take the flow rate to 
be 100 seem, i.e., n = 100 seem = 7.44 x 10~^ mole/sec, 
and plug in all the numbers, we get v — 0.3/p m/sec, 
where p is in unit torr. This velocity is negligibly small 
even at p = 0.1 torr (3 m/sec), as compared to the ther- 
mal velocity of the gas molecules, which is of the order 
lO'^ m/sec. As a matter of fact, the cross-section of the 
inlet of the source gases, which was at a distance of only 
several centimeters away from the filament, was much 
smaller than that of the whole chamber, the flow veloc- 
ity between the filament and the substrate might be one 
order of magnitude higher. Even so, it was still only a 
first order perturbation to the thermal velocity. Accord- 
ingly, we expect that our estimate about the mean free 
path remains valid. 
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On the other hand, as the filament was close to the 
inlet of the gases, this compulsive flow velocity at very 
low pressure was very important in that it guaranteed 
that the amount of the reactive hydrocarbon radicals and 
atomic hydrogen getting to the substrate surface per unit 
time was proportional to the gas flow rate in this steady, 
non-equilibrium case, as opposed to being proportional 
to the pressure in a static, equilibrium case, which was 
a good approximation only for the case of normally low 
pressure. In the latter case, v was really small so that the 
amount of hydrogen and methane decomposed by the fil- 
ament was mainly proportional to the pressure, whereas 
in the former case, it was mainly proportional to flow 
rate. While both factors were present, it is believed that 
the former case dominated under the very low pressure 
in the experiments. 

While the compulsive flow velocity did not make 
much difference in terms of the velocity distribution and 
the mean free path of the gas species, the energy distri- 
bution between the filament and the substrate might be 
far from equilibrium under very low pressure. As shown 
above, under normal pressure, the mean free path was so 
small, equilibrium did arise. On the contrary, under very 
low pressure, say, 0.1 torr, 40% of hydrocarbon and 70% 
atomic hydrogen could get onto the substrate without 
collisions, while they still had the energy from filament 
at T = 2400 K, more than twice that of the substrate, 
HOOK. Higher energy was believed to be able to enhance 
the mobility and reactivity of the ad-species on the sub- 
strate, and might therefore increase the nucleation rate. 

One may have noticed that, under normal pressure 
for a scratched substrate, a considerably high density of 
nucleation is usually obtained regardless of the very small 
mean free path, as shown above. The reasons may be ex- 
plained as follows. First, as most of the gas species are 
H2 molecules, they do not likely result in loss of atomic 
hydrogen or hydrocarbon radicals in collisions. Only col- 
lisions between hydrogen atoms and/or hydrocarbon rad- 
icals may result in recombination and counter the effect of 
decomposition by the filament. The effective "mean free 
path" in terms of recombination will be larger. Thus, the 
probabilities for a hydrogen atom and a reactive hydro- 
carbon radical to get to the substrate surface are much 
higher than those calculated above, although they may 
undergo colhsions. Second, Apart from CHx < 4) 
and C2HX, CH4 also contributes in nucleation,&ll whose 
concentration is independent of the mean free path. It 
can occupy a vacant surface site, and help to form nu- 
clei, though its role is much less important as compared 
with CHx (x < 4) and C2HX, etc. Third, part of the de- 
composition may take place in the neighborhood of the 
substrate, though the decomposition rate is very low, as 
the substrate temperature is far from high enough. While 
these contributions may lead to considerable nucleation 
density on a scratched substrate (at a low rate, though), 
they are not sufficient to lead to a high density on an 
unscratched, mirror-polished substrate. 

As the substrate is usually covered with a surface 



oxide layer, which is disadvantageous to high-density nu- 
cleation, we see that, under very low pressure, a very 
high percentage of atomic hydrogen is transported onto 
the substrate from near the filament without collisions. 
This greatly helps to eliminate the surface oxide to make 
a clean substrate surface, presenting a nucleation enhanc- 
ing effect. 

While our very low pressure led to impressive nucle- 
ation enhancement, however, we do not claim that the 
pressure should be arbitrarily low. As the very low pres- 
sure was realized by increasing the pump rate and/or 
decreasing the flow rate, the pressure could not be arbi- 
trarily low. First, the capability of the pump was limited; 
it is difficult to get a high vacuum in the presence of gas 
feed. Second, at very low pressure, the deposition rate 
was roughly proportional to the fiow rate, which should 
not be too low. Third, the mean free path should not 
be too long in the neighborhood of the filament, else 
the gas could not be effectively decomposed by the fil- 
ament, as most gaseous species might not pass through 
the hot filament zone. Last, under too lower pressure, 
non-equilibrium effect would be more important, and the 
analysis above should be modified, accordingly. There- 
fore, there exists an optimum pressure which gives rise 
to the best result. Further experiments are necessary to 
optimize the experimental parameters. 

It is appropriate to point out that the local pres- 
sure between the filament and the substrate was a little 
higher than the average of the whole chamber, however, 
the main conclusions, e.g., the much longer mean free 
path under the much lower pressure, etc, should remain 
valid. 

Using the very low pressure technique, epitaxial nu- 
cleation on Si(lll) substrates had been achievedj£3 and 
the serious problem of the formation of thick intermediate 
TiC layers and hydrogenation of very thin Ti substrates 
resulting from tiie long, slow, poor nucleation process 
has been solved.til It also sheds light on the mechanism 
of diamond nucleation on a hetero-substrate, as it con- 
firms that a high concentration of reactive hydrocarbon 
species and atomic hydrogen is necessary for nucleation. 

V. SUMMARY 

In summary, under very low pressure (0.1-1 torr), 
high density nucleation was achieved on mirror-polished 
Si substrates with a density as high as 10^^-10^^ cm~^, 
comparable to the highest value for MPCVD. For 
scratched Si substrates, the density was as high as 10^ 
cm~^, 1-2 orders of magnitude higher than that obtained 
under normal pressure (tens of torr). In addition to Si 
substrates, a density of as high as 10^" cm~^ was ob- 
tained on polycrystalline Ti substrates. Detailed study 
of the process of nucleation with increasing time revealed 
that nucleation progressed at a very high speed, the den- 
sity getting to its final value within a very short time 
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(1 min). Calculations demonstrate that, under very low 
pressure, the mean free path of the gas molecules and/or 
radicals is increased by 1-2 orders of magnitude, as a 
result, the probability for an hydrogen atom or an reac- 
tive hydrocarbon radical to transport from the filament 
to the substrate without collisions is dramatically, expo- 
nentially increased. On the other hand, very low pressure 
induces very strong electron emission with the electron 
energy up to 80 cV, adding to the disassociation of the 
gas species. Moreover, very low pressure favors a high 
efficiency for the filament to decompose the gas species. 
All these factors result in much higher concentrations of 
the atomic hydrogen and reactive hydrocarbon radicals 
on the substrate surface, leading to the drastically en- 
hanced nucleation. This method solves the problem of 
getting high density of diamond nucleation on mirror- 
polished substrates in addition to the EEE method. It 
has great practical applications and theoretical signifi- 
cance. It is hoped that the very-low-pressure method can 
be extended for the growth stage, not just for nucleation. 
More work still needs to be done in this regard. 
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